Nuclear magneto-optic effect (NMOE) is an umbrella term for a family of spectroscopic methods based on observing changes in the polarization state of a light beam after its interaction with molecules possessing a nonzero nuclear spin magnetization. Because the perturbations involve an electron cloud around the particular nucleus, the NMOEs promise to give new insights into the molecular structure with the resolution given by the local chemical environment, similarly as in nuclear magnetic resonance (NMR). Due to the relation to NMR, NMOEs contain information about detailed structural parameters, such as dipolar, quadrupolar, or recently experimentally verified spin--spin couplings^[@ref1]^ or nuclear shielding. Moreover, the electromagnetic field of the light causes perturbations of the electron cloud that are not present in NMR and thus give rise to new observables. This is reflected in NMOEs as an additional aspect of the electronic structure and, for example, provides a selective response from groups involved in the electronic excitation.^[@ref2],[@ref3]^

Out of the five described NMOEs,^[@ref1]−[@ref21]^ so far only nuclear spin-induced optical rotation (NSOR) has been observed for a range of molecules including water,^[@ref4],[@ref6],[@ref12],[@ref13]^ organic liquids such as alcohols,^[@ref12]^ hydrocarbons,^[@ref6],[@ref12]^ halogenated hydrocarbons,^[@ref6],[@ref7],[@ref12]^ organic phosphines, and thiols,^[@ref7]^ and xenon.^[@ref4]^ In general, these experiments share two common features: (a) in most cases, neat substances (pure liquids) were used as samples and (b) they were polarized thermally in a strong magnetic field. Notable exceptions are work of Pagliero et al.,^[@ref7]^ which probed binary mixtures of organic liquids with ratios as low as 1:9, and the work of Savukov et al.,^[@ref4]^ in which spin-exchange optical pumping (SEOP) was used for hyperpolarization (HP) of Xe.

The choice of the sample of pure, i.e., highly concentrated, liquids is motivated by the rather low signal intensity of NSOR. This feature originates from low nuclear spin magnetization achievable via thermal polarization and limits the sensitivity of NSOR in the same way as in the traditional NMR. The signal intensity of NSOR (for a single type of chemically distinct nucleus K) as a function of the incident light frequency ν can be expressed aswhere Θ(ν) is the rotation of the plane of polarization of the light in radians, η(ν) is a molecule-specific parameter (molar NSOR), *c*~K~ is the concentration of the observed nucleus K, *l* is the length of the sample traversed by the light beam, and *P*~K~ ∈ \[0;1\] is the fractional magnetization of the nucleus K along the light beam. As η(ν) is a molecule-specific constant, the signal can be increased by varying only the remaining three parameters: concentration, length of the optical path, and spin polarization. Increasing the concentration *c*~K~ is the most straightforward approach and justifies the use of pure substances in the previous studies. However, it is of limited use, for example, when investigating concentration dependence, chemical equilibria, or when the sample is prohibitively expensive or simply is not in a liquid form by itself and has low solubility. The optical path *l* can be varied rather freely, assuming that the optical properties of the sample allow it. As an example, the increase of path has been exploited in previous works using multiple passes through a long cell, bringing the total length to over 3 m.^[@ref12]^

A very promising way how to increase the NSOR signal is through the polarization *P*, which in thermally polarized samples, such as those produced in standard high-field NMR magnets, is on the order of about ∼10^--5^. Because small values of *P* are a nuisance in standard NMR and MRI as well, the so-called HP techniques have been heavily investigated in recent years. Thanks to these advances, it is now possible to boost the signal by several orders of magnitude to achieve polarization levels of up to tens of percent.^[@ref22]−[@ref28]^ The use of HP was demonstrated in NSOR for the case of Xe polarized via SEOP.^[@ref4]^ However, SEOP is limited solely to HP of noble gases.

In this work, we demonstrate an increase in the NSOR signal by employing the signal amplification by reversible exchange (SABRE) technique to boost the nuclear polarization. SABRE is a solution-based technique based on a reversible exchange of *para*-hydrogen gas and the target molecule at a metal catalyst center, which facilitate transfer of spin order from *para*-hydrogen to the substrate being hyperpolarized. SABRE has been shown to be a powerful method for several nuclei, including ^1^H, ^13^C, ^15^N, ^19^F, ^31^P, ^29^Si, and ^119^Sn.^[@ref29]−[@ref50]^ Its further advantages compared to the other HP techniques is its low cost and relative versatility accommodating for a range of different substrates.

The NSOR was measured in a low-field custom-built system, schematically depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The sample, which was produced in a SABRE polarizer^[@ref51]^ interfaced with the optical system, was continuously pumped into a cylindrical glass cell (length 70 mm, inner/outer diameter 10 mm/13 mm) inside of a custom-made electromagnet coil system (Serviciencia, S.L.). Thermally polarized sample prepared by placing a container in a superconducting 14.1 T (600 MHz) NMR magnet was measured for reference. Because the sample in SABRE experiments contains salts and organic solvents, it is preferable to isolate the pumping mechanism from contact with the sample itself. This motivated us to use a peristaltic pump, which, however, has usually rather limited available flow rates. For these reasons, we opted for a smaller cell with a shorter path length (7 cm) compared to previous experiments and compensated for this by longer measurement time.

![Sketch of the NSOR system. The laser beam produced by a diode laser (LAS, 520 or 690 nm, Thorlabs) is polarized to 45° via linear polarizer (LP) and passes through the sample in a 7 cm long flow-through cell. The resulting beam is analyzed by Wollaston prism (WP) and balanced detector. The spin polarization is produced in a SABRE polarizer,^[@ref51]^ which continuously supplies fresh sample to the cell. The magnetization precesses along the *B*~0~(*z*) field, which is modulated with a frequency of 1 Hz to bring it in and out of resonance with continuous spin-locking field *B*~1~(*y*). The magnetization is thus periodically spin-locked in precession around the *z*-axis in the *xy*-plane or resting along the *B*~0~. See the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02194/suppl_file/jz9b02194_si_001.pdf) for details.](jz9b02194_0001){#fig1}

The spin-polarized sample was subjected to two magnetic fields: an alternating field *B*~1~ in the *y*-direction (perpendicular to the axis of the cell) and a static *B*~0~ field in the *z*-direction (vertical), which is a sum of a stray field from the 600 MHz NMR magnet (0.12 mT) and a field generated by the electromagnet (0.37 mT). The *B*~0~ field was modulated at a frequency of 1 Hz using a slow ramp, to bring the proton Larmor frequency in and out of resonance with the *B*~1~ field. The signal was thus modulated at a frequency of 1 Hz (see the [Methods Section](#sec2){ref-type="other"} and [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02194/suppl_file/jz9b02194_si_001.pdf) for more details).

The obtained values were compared with the NSOR calculated using the BHandHLYP density functional and coupled cluster singles and doubles (CCSD) with three completeness optimized basis sets^[@ref52]^ co0,^[@ref9]^ co2,^[@ref12],[@ref53]^ and co2-MOR.^[@ref18]^ Theoretical results were corrected for the local effects of the medium on the optical field and for the Faraday rotation arising from the long-range effects of the magnetized bulk.

The results of the measurements are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Three experiments were conducted: (a) NSOR of thermally polarized neat pyridine; (b) NSOR of a pyridine solution in methanol, polarized using SABRE; and (c) NSOR of a solution of pyrazine in methanol, polarized using SABRE. The NSOR signals normalized for concentration, length of the optical path, and nuclear polarization and calculated values corrected for the medium effects^[@ref8],[@ref9]^ (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02194/suppl_file/jz9b02194_si_001.pdf) for details) are reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The data were obtained by averaging a total of 16000 s of measurement.

![Plots of measured NSOR signals for pyridine and pyrazine using either thermal or SABRE polarization. Left pane: thermally polarized neat pyridine (*c*~pyridine~ = 12.4 mol/L); middle pane: SABRE-polarized solution of pyridine (*c*~pyridine~ = 0.09 mol/L) in methanol; right pane: SABRE-polarized solution of pyrazine (*c*~pyrazine~ = 0.086 mol/L) in methanol.](jz9b02194_0002){#fig2}

###### Summary of the Results and Relevant Properties of the Three Measured Samples, Showing Concentration *c*, Measured NMR Signals in nA, Calculated Average Proton Polarization *P*~H~, Measured Optical Rotation Reported with ±3σ, Normalized Experimental NSOR, and Theoretically Calculated NSOR Using CCSD/co2-MOR, Including Corrections for Bulk Properties[a](#tbl1-fn1){ref-type="table-fn"}

  sample               *c* (mol/L)   NMR current (nA)   *P*~H~ (%)       Θ (nrad)      NSOR (exp) (μrad·mol^--1^·L·cm^--1^)   NSOR (calc) (μrad·mol^--1^·L·cm^--1^)
  -------------------- ------------- ------------------ ---------------- ------------- -------------------------------------- ---------------------------------------
  pyridine (thermal)   12.4          475                1.56 × 10^--3^   1.53 ± 0.21   0.87                                   1.03
  pyridine (SABRE)     0.090         718                0.324            1.72 ± 0.14   0.65                                   0.80
  pyrazine (SABRE)     0.086         881                0.521            1.28 ± 0.19   0.39                                   0.47

NSOR values are reported as the average per proton. Further results from calculations using different methods are shown in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02194/suppl_file/jz9b02194_si_001.pdf).

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the NSOR signal of thermally polarized neat pyridine (*c*~pyridine~ = 12.4 mol/L) as a function of the *B*~0~ modulation. The sharp peak at 1 Hz clearly indicates the presence of an observable NSOR signal. To affirm that the signal is not caused by any interference, a baseline measurement was performed where the container with the pyridine was lowered below the NMR magnet, placing it in a comparatively negligible magnetic field and thus removing the thermal polarization. Under these circumstances, the peak at 1 Hz could no longer be observed, indicating its origin in nuclear magnetization (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02194/suppl_file/jz9b02194_si_001.pdf)).

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the NSOR signal of pyridine (*c*~pyridine~ = 90 mmol/L), in methanol polarized using SABRE. The NSOR signal stemming from the hyperpolarized pyridine can be clearly observed. The intensity is slightly larger compared to the case of thermally polarized pyridine, in line with the increase of nuclear polarization as observed with NMR. It is worth noting that the NSOR intensities are not directly proportional to the increase in NMR signal due to contribution of the Faraday effect, which is considerably larger in pyridine than that in methanol.

The results for the third sample, the solution of pyrazine (*c*~pyrazine~ = 86 mmol/L), are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. Note that a laser of a different wavelength (λ = 690 nm) compared to the above experiments was used due to the optical properties of the solution. The NSOR signal is again clearly visible above the noise level, with the statistical significance safely exceeding 3 standard deviations (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This result demonstrates the main benefit of our approach, i.e., the possibility to observe NSOR from molecules that are at standard conditions solid and thus require being measured in solution.

It might be noticed that the level of noise between different experiments varies. This can be explained by use of different laser sources and as an effect of different properties of the solution, such as viscosity and the amount of dissolved gases, which affect the flow and the bubble formation in the liquid during the pumping.

The results for NMR signals and experimental as well as calculated NSOR intensities are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} together with key sample properties. NMR intensities of comparable magnitude can be observed in all three samples, despite 2 orders of magnitude difference in their concentrations, confirming the presence of a hyperpolarized sample. Accordingly, the NSOR signals are of similar intensity.

It can also be seen that the experimentally obtained NSOR signals compare rather well with the ones from quantum chemical calculations. The differences can be attributed to the common features of the first-principle calculations of properties of moderately sized molecules in the condensed phase, such as an approximate wave function (or density), basis set effects, and the absence of rovibrational corrections and explicit solvent--solute interactions. The calculated values were corrected for the average effect of the solvent on the optical field and for the Faraday rotation caused by magnetization of the sample. It is noteworthy that the latter correction accounts for the difference between NSOR of pyridine in neat liquid and that in methanol as pyridine has about a 3 times larger Verdet constant and thus more significant contribution to the rotation. This effect is reproduced in the calculated results.

The total NSOR signals are on a similar scale, albeit somewhat weaker, compared to protons in other organic molecules reported earlier.^[@ref12]^ The overall weaker signal is in large part due to the longer laser wavelength compared to the previously used 405 nm as the NSOR signal is decreasing with wavelength.^[@ref4],[@ref9]^ The shift in wavelength is also the cause of most of the observed difference in NSOR between pyridine and pyrazine as quantum chemical calculations show that at the same wavelength the signals would be of similar magnitude.

We have presented a new approach to measure NSOR at low concentrations by employing continuous polarization with the SABRE method and demonstrated the utility of the technique on measurements of dilute solutions of pyridine and pyrazine. The approach allows one to measure samples at concentrations by at least 2 orders of magnitude lower compared to neat substances employed in the majority of previous studies. Notably, we demonstrated the feasibility of NSOR measurements of solid substances by a combination of dissolution and HP. Although SABRE is not as general of a method for HP as DNP (dynamic nuclear polarization), the setup can be constructed with only modest financial investments and the preparation of the sample is repeatable, rather fast, and can be implemented in continuous mode. The presented methodology opens a way to significantly broaden the range of molecules accessible for NSOR measurements and development of deeper understanding in this new emerging field of spectroscopy.

Methods Section {#sec2}
===============

The laser beam is supplied by a 520 or 690 nm laser diode (Thorlabs) and is passed through a linear polarizer, which prepares the light polarized at 45° with respect to the vertical plane. The light beam passes through the sample, acquires optical rotation, and is analyzed by a Wollaston prism and difference detector. Due to the flow of the liquid and formation of small bubbles, the light intensity is diminished from the initial value by about 30% (50% in the case of pyridine/SABRE due to slight absorption by the SABRE catalyst). The signal from the optical detector is fed into a lock-in amplifier (MFLI, Zurich Instruments) tuned to the frequency of *B*~1~. Because the envelope of the measured signal is modulated at the frequency of the *B*~0~ field, the signal from the optical detector is Fourier transformed and the NSOR signal appears at the *B*~0~ modulation frequency (i.e., 1 Hz). To obtain the degree of nuclear magnetization, a reference NMR signal was measured as a current induced in a solenoid coil wound around the sample cell (140 turns, 4 layers, *R* = 8.6 Ω, *L* = 1.139 mH). The NMR circuit was kept open during the measurement of NSOR to avoid induction of an extraneous magnetic field, which would give rise to Faraday rotation artifacts. The instrument control and data acquisition were done using custom LabVIEW programs.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.9b02194](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b02194).Experimental details of sample preparation and results of theoretical calculations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02194/suppl_file/jz9b02194_si_001.pdf))
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